The cellular protein SERINC5 inhibits the infectivity of diverse retroviruses and is 29 counteracted by the glycoGag protein of MLV, the S2 protein of EIAV, and the Nef 30 protein of HIV-1. Determining regions within SERINC5 that provide restrictive activity or 31
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SERINC5 seem similar: endocystosis and lysosomal degradation (37). Despite this 118
scenario of host-pathogen conflict between the SERINCs and retroviral proteins, 119 SERINC3 and SERINC5 do not appear to be under positive selection at the protein-120 level, at least not to the extent observed for other anti-retroviral restriction factors such 121
as TRIM5α or BST-2 (38) 122
The goal of this study was to determine whether a potential membrane trafficking 123 signal in SERINC5, reminiscent of an acidic cluster sorting motif, supported the activity 124 of Nef. This sequence, EDTEE, is within the same cytoplasmic loop that has recently 125 been shown to be a determinant of Nef-sensitivity (39). The hypothesis that this 126 sequence would support Nef-activity is consistent with the roles of sequences 127 reminiscent of sorting motifs in other Nef-targets, such as the key tyrosine in the 128 cytoplasmic domain of the class I MHC α chain and the di-leucine motif in the 129 further grown to OD600~0.6 and induced with 0.1mM IPTG overnight at 16C. Cells 209 were lysed using a French press homogenizer. The cell lysate was clarified by 210 centrifugation at 14,000 RPM. The proteins were purified using His-Select Nickel affinityexpression, E. coli BL21(DE3) cells were transformed with the MBP-Nef-ICL4 construct 214 or mutant, grown to OD 600 ~ 0.8, induced with 0.3 mM IPTG, and expressed overnight at 215 18C. Cell pellets were harvested by centrifugation and flash-frozen in liquid nitrogen for 216 storage. GST-tagged μ2 CTD -truncated AP-2 was prepared as previously described (49): 217 E.coli cells overexpressing all four AP-2 subunits were lysed by microfluidization, cell-218 debris removed by ultracentrifugation, and the supernatant applied to Ni-NTA agarose 219 followed by glutathione-agarose affinity column (GSTrap HP, GE Healthcare). AP-2-220 either MBP-tagged Nef or the Nef-ICL4 fusion proteins (0.4 mg, 5-fold molar excess) 233 were mixed in a final volume of 100 μL. Reaction mixtures were loaded onto small, 234 gravity flow columns containing 0.2 mL glutathione Sepharose 4B resin (GE 235 Healthcare), and incubated for 1 hour at 4C. Protein mixtures and resin were washed 236 extensively with 5x (400 μL) GST binding buffer (50 mM Tris pH 8.0, 100 mM NaCl, 0.1 237 mM TCEP), and bound protein complexes were eluted with 4x (200 μL) GST elution 238 buffer containing 10 mM reduced glutathione. Elution fractions were analyzed by SDS-239 PAGE and stained with Coomassie Blue. 240 lysates and viral pellets were resolved on 10% denaturing SDS-PAGE gels, transferred 294 onto polyvinylidene difluoride (PVDF) membranes, immunoblotted with the indicated 295 antibodies, and visualized using Western Clarity detection reagent (Bio-Rad). 296
Measurement of Viral
Chemiluminescence was detected using a ChemiDoc Imager System (Bio-Rad). a subtle influence of the deletion on protein-expression was apparent in the dose-360 response western blot data: the ∆EDTEE mutant seemed slightly underexpressed in the 361 absence of Nef, although it was expressed equivalently to wild type SERINC5 in the 362 presence of Nef. Consistent with the infectivity data, deletion of the EDTEE sequence 363 caused substantially enhanced exclusion of SERINC5 from virions by Nef ( Figure 2C , 364 which again shows a representative experiment in which Jurkat cells were used to 365 produce virions). Notably, we confirmed that a 55 kDa form of SERINC5, while the 366 minority species in cells, is the predominant form in virions, an effect due to the 367 selective incorporation into virions of a form of the protein modified by complex glycans(52). Here, the data suggested that the ∆EDTEE mutant might be slightly less efficientlyincorporated into virions than wild type SERINC5 in the absence of Nef, although the 370 difference is subtle. Overall, these data support the current model that Nef-mediated 371 exclusion of SERINC5 from virions correlates with enhanced infectivity (28, 29). The 372 data further indicate that the EDTEE sequence within SERINC5 provides a degree of 373 resistance to Nef-activity; Nef is more active in the absence of this sequence. 374 375
The EDTEE sequence is phosphorylated by casein kinase II in vitro but does not 376 interact with the μ subunit of AP-2. 377
We reported recently that a phosphoserine acidic cluster (PSAC) motif of 378 sequence SGASDEED is present in a cytoplasmic loop of SERINC3 analogous to the 379 loop that contains the EDTEE sequence in SERINC5. Unlike the EDTEE sequence, the 380 SGASDEED sequence has no impact on sensitivity to Nef, despite that the serines of 381 this sequence are under positive selection (38, 47). The SGASDEED sequence of 382 SERINC3 has potential as a membrane sorting or trafficking sequence, however, 383 because it binds the medium (μ) subunits of AP-1 (μ1) and AP-2 (μ2) in a serine-384 phosphorylation dependent manner (47). Here we observed that when the recombinant 385 SERINC5 loop containing the EDTEE sequence (ICL4) was co-expressed as a GST-386 fusion protein together with casein kinase II in E.coli, the threonine of the EDTEE 387 sequence, as well as upstream serines in the loop, were phosphorylated ( Figure 3A) . 388
Nonetheless, unlike the analogous loop of SERINC3, phosphorylated SERINC5 ICL4 389 did not bind to recombinant μ2 in vitro ( Figure 3B ). These data indicate that although themotif is the determinant of sensitivity to Nef. We created SERINC5 mutants that either 396 lacked (EDTEE mutated to AATAA) or preserved (EDTEE mutated to EDAEE) acidic 397 residues and tested their restrictive activity and sensitivity to Nef. SERINC5-AATAA, 398
but not SERINC5-EDAEE, was characterized by a relatively enhanced sensitivity to Nef 399 that was similar to the phenotype of SERINC5-EDTEE in both HEK293 and JTAg S3/5 400 KO cells ( Figure 4A ). All the SERINC5 mutants were as restrictive as the wild type 401 protein; that is, they inhibited the infectivity of virions produced in the absence of Nef as 402 effectively as wild type SERINC5, despite that the expression of the EDTEE and 403 AATAA mutants (but not the EDAEE mutant) seemed slightly reduced. Overall, these 404 data suggest that the relative acidity or negative charge of the SERINC5 EDTEE region 405 affects sensitivity to Nef but not intrinsic restrictive activity. The data also indicate that 406 the threonine alone is not a substantial determinant of sensitivity to Nef, even though it 407 would contribute to the negative charge of the region if phosphorylated. The data further support that the EDTEE sequence provides relative resistance to Nef-424 mediated modulation of SERINC5. 425 when these two proteins were co-expressed ( Figure 6A ). This increase of the 441 fluorescent signal was lost when SERINC5-VC was paired with Nef-G2A-VN, consistent 442 with the notion that Nef requires membrane-association to interact with SERINC5. We 443 did not detect an increased interaction-signal when Nef-VN was paired with either 444 SERINC5-EDTEE-VC or SERINC5-AATAA-VC relative to SERINC5-VC ( Figure 6A) . 445
No differences in the expression of these fusion proteins was detected by western blot 446 ( Figure 6B ). These data suggest that deletion of the SERINC5 EDTEE sequence does 447 not enhance its interaction with Nef. 448
449
Deletion of the EDTEE sequence does not enhance binding of a Nef-SERINC5 450 cytoplasmic loop fusion protein to AP-2 in vitro. 451
We next sought to determine whether deletion of the EDTEE sequence 452 enhances formation of a ternary complex including Nef, a cytoplasmic loop of SERINC5 453 and AP-2. As noted above, a previous study showed that the long cytoplasmic loop 454 within SERINC5 -ICL4 -confers Nef-responsiveness (39). Because ICL4 contains the 455 EDTEE sequence, we produced recombinant proteins containing NL4-3 Nef (residues 456 25-206) fused via a long flexible linker to either SERINC5 ICL4 (residues 332-387) or a 457 SERINC5 ICL4 EDTEE mutant ( Figure 7A) . A protein containing only the Nef 458 component served as a control. Each of these proteins was fused to maltose-bindingprotein (MBP) to enhance their solubility. Binding of these proteins to a recombinant,cytoplasmic loop is a Nef-response sequence and that Nef and ICL4 together bind 465 efficiently to AP-2. However, we detected little or no influence of the EDTEE sequence 466 in this assay: the Nef-ICL4 fusion protein did not clearly bind more efficiently to AP-2 467 when the EDTEE sequence was deleted ( Figure 7B ). These results suggest that the the 468 EDTEE sequence does not interfere with formation of a Nef, SERINC5-ICL4, AP-2 469 complex when assessed using recombinant proteins in vitro. 470
471
Role of the EDTEE sequence in the antagonism of SERINC5 by glycoGag. 472
Based on our results with Nef, we hypothesized that the EDTEE sequence might 473 affect the antagonism of SERINC5 by the glycosylated Gag (glycoGag) protein of 474
Moloney murine leukemia virus (M-MLV). MLV glycoGag counteracts SERINC3 and 5 475
and rescues infectivity of nef-deficient HIV-1 (35). The majority of the extracellular 476 domain of M-MLV glycoGag is dispensable for this activity (53). We therefore used a 477 minimal active truncated form of glycoGag which contains the N-terminal 189 residues 478 (gg189) to test the ability of glycoGag to rescue the infectivity of HIV-1 lacking Nef 479 in the presence of either SERINC5 or the SERINC5-mutant lacking the EDTEE 480 sequence. For these experiments, HIV-1 Env was provided in trans in the virionstrikingly exaggerated when the absence of Nef was complimented by glycoGag 483
and Env was encoded in the viral genome (data not shown). HeLa-TZM-bl indicator 484 cells were used for luminometric measurement of infectivity, as this provided a more 485 sensitive method for measuring the infectivity of the pseudo-virions. We confirmed that, 486 as shown above, the EDTEE sequence provided relative resistance to Nef when 487 infectivity was measured using this modified assay design (Figure 8) . Moreover, as 488 reported previously, glycoGag efficiently antagonized the activity of SERINC5 as an 489 inhibitor of infectivity (Figure 8 ). Unlike Nef, however, the activity of glycoGag was 490 not enhanced when the EDTEE sequence of SERINC5 was deleted. In contrast, the 491 activity of glycoGag against the EDTEE-mutant was slightly diminished. These data 492
suggest that the role of the EDTEE sequence in SERINC5 is Nef-specific, despite 493 that the cellular cofactors involved in SERINC antagonism by Nef and glycoGag 494 appear to be similar (28, 29, 53). 495
496
Discussion 497
We intially hypothesized that the acidic cluster within the long cytoplasmic loop of 498 SERINC5 -the sequence EDTEE in ICL4 -might function as a protein sorting motif in 499 concert with HIV-1 Nef, and thus support Nef-activity as a SERINC5-antagonist. 500
Instead, our data indicate that Nef is more effective as a SERINC5-antagonist in the 501 absence of the EDTEE sequence. A SERINC5 mutant lacking this sequence, or a 502 mutant in which the acidic residues are replaced with alanines (but not a mutant in 503 threonine is replaced with alanine), is more effectively antagonized by Nef at the levels 504 of counteraction of SERINC5-mediated inhibition of infectivity, down-regulation ofthese data are consistent with the current model of surface down-regulation and virion-507 exclusion of SERINC5 as the basis for Nef-mediated enhancement of infectivity, and 508 they support the notion that the region of SERINC5 containing the EDTEE sequence 509 determines Nef-sensitivity. 510
While our work was in progress, Dai and colleagues mapped the intracellular 511 cytoplasmic loop that contains the EDTEE sequence (designated ICL4 in their study) as 512 the key region of the protein required for sensitivity to Nef (39). These investigators 513 identified two hydrophobic residues in the N-terminal half of the loop that are required 514 for response to Nef. While our data are consistent with the conclusion that ICL4 515 contains determinants of Nef-sensitivity, they reveal that in addition to residues that 516 support Nef-activity, the loop also contains a sequence -EDTEE-that is inhibitory to 517
Nef-activity. 518
Why would a cytoplasmic loop of SERINC5 contain such an inhibitory sequence? 519
Although SERINC5 does not seem to be under positive selection among primates, a 520 genetic signature of host-pathogen conflict (38), we considered that the EDTEE 521 sequence might have evolved to provide protection against diverse retroviruses and the 522 SERINC antagonists that they encode. The retroviral accessory proteins Nef (found in 523
HIVs and SIVs), glycoGag (found in MLV) and S2 (found in EIAV) are structurally 524 unrelated proteins that all enhance viral infectivity by counteracting SERINC5 (28, 29, 525 35, 36). However, our data indicate that the EDTEE sequence is not inhibitory to the 526 activity of glycoGag, suggesting that the impact of this sequence is potentially Nef-527 sequence as a general defense against retroviral antagonists. It also implies that Nef 529
has not yet optimally evolved to counteract SERINC5. Alternatively or in addition, the 530 importance of other Nef-functions for viral fitness might preclude such evolution. 531
How does the EDTEE sequence affect Nef-responsiveness? One possible 532 explanation is that the sequence is a membrane trafficking signal that directs SERINC5 533 away from Nef. However, we found no evidence that deletion of the EDTEE sequence 534 influences the subcellular localization of SERINC5 (data not shown), nor does the loop 535 containing the EDTEE sequence bind the µ subunit of the clathrin adaptor AP-2 in vitro, 536
as the analogous loop of SERINC3 does. 537
Another possibility is that the negative charge of the EDTEE sequence inhibits 538 the interaction with Nef. This model is consistent with the requirement of the acidic 539 residues for this phenotype; it might also be consistent with the presence of an acidic 540 cluster in the N-terminal region of Nef, which might repel SERINC5. However, our 541 measurement of the SERINC5/Nef interaction using bi-molecular fluorescence 542 complementation did not support this model: the interaction was unaffected by deletion 543 of the EDTEE sequence. Moreover, a charge-repulsion model predicts that a Nef-544 mutant in which the acidic cluster is neutralized would be more active as an antagonist 545 of wild type (EDTEE-motif containing) SERINC5, but we did not find that to be the case 546
(data not shown). 547
Yet another possibility is that a subtle decrease in the steady-state expression of 548 the ∆EDTEE and AATAA mutants is sufficient to increase their apparent Nef-549 responsiveness. Several lines of evidence weigh against this possibility. First, the 550 SERINC5 mutants appear to reach the plasma membrane, the presumed site of Nefflow cytometry). Second, none of our data suggest that the intrinsic restrictive activities 553 of the mutant proteins are decreased, weighing against the functional significance of the 554 subtle differences detected in some or our western blots. Third, and perhaps most 555 importantly, the ∆EDTEE mutant was not more responsive than the wild type SERINC5 556 to glycoGag; rather, the mutant appeared slightly less responsive. The observation that 557 the effect of deleting the EDTEE sequence is opposite when testing responsiveness to 558
Nef versus glycoGag is inconsistent with the notion that the observed virologic 559 phenotypes are consequences of the levels of protein expression. 
